Gap junction channels mediate intercellular communication in most tissues and organ systems (Dermietzel and Spray, 1993) . These channels allow bidirectional exchange of ions and small molecules between cells, coupling the cells both electrotonically and metabolically. The proteins (connexins) forming gap junctions are encoded by a large multigene family of more than a dozen members in mammals (Willecke et al., 1993; Kumar and Gilula, 1996) . The biophysical properties of gap junctions, such as channel conductance and selective permeability, are dictated by the connexin types and their phosphorylation state (Spray, 1994) .
Gap junction-mediated intercellular communications appear to be required for normal cellular development as well as for tissue differentiation (Furshpan and Potter, 1968; L owenstein, 1979; Dermietzel and Spray, 1993) . The critical role of gap junctions during embryogenesis may be to provide intercellular pathways for morphogens and other developmentally relevant factors, including C a 2ϩ and a range of additional second messenger molecules. Either the exchange of such cytoplasmic factors or a decrease in their exchange may initiate programs of subsequent cellular differentiation.
Studies of neural development have been fostered by the introduction of immortalized precursor cells that can be manipulated in vitro toward graded stages of cellular differentiation . Our approach has been to use a conditionally immortalized hippocampal cell line (MK31) that is developmentally responsive to a specific set of cytokines: interleukin 7 (IL-7), in concert with two other growth factors found in the developing brain, basic fibroblast growth factor (bFGF) and transforming growth factor ␣ (TGF␣) (Mehler et al., 1993; Rozental et al., 1995) . IL-7 has been detected in embryonic and adult murine brain and has been shown to possess neuronotrophic actions on primary hippocampal cultures examined in vitro (Araujo and Cotman, 1993; Michaelson et al., 1996) .
We have shown that electrotonic coupling is quite strong among embryonic cells destined to become neurons, but that coupling strength declines during the progressive differentiation of MK31 neuroblasts treated with IL-7 alone or with the combination of bFGF(IL-7 and TGF␣); each group displayed a distinctive developmental phenotype (Mehler et al., 1993; Rozental et al., 1995) . Untreated MK31 neuroblasts were inexcitable, whereas 10% of IL-7-treated cells and 20% of cells treated with bFGF(IL-7 and TGF␣) were excitable; neurotransmitter responses were absent, with the exception of cells treated with bFGF(IL-7 and TGF␣) that were responsive to GABA (Ն100 M) (Rozental et al., 1995) .
In the present study, we have used a variety of methods [Northern blot analyses, reverse transcription (RT)-PCR assays, and electrophysiological techniques] to identify the connexins that are expressed during neuronal differentiation in vitro. These experi-mental observations demonstrate a decline in C x43 expression during differentiation, the appearance of C x40 at an intermediate developmental stage, and the expression of C x33 after treatment with neurogenic agents. Therefore, we speculate that the profile of expression of distinct connexin types during neuronal differentiation may play an instrumental role in this process, through the restriction and differential modulation of glial and neuronal signaling compartments.
MATERIALS AND METHODS
Cell culture. Immortalized hippocampal progenitor cells (M K31) were generated from embryonic day 17 mice as described previously, after transfection with a vector containing sequences encoding a temperaturesensitive allele of the SV40 large T antigen and a neomycin resistance gene (Mehler et al., 1993) . In contrast to primary cultured neurons, this experimental system is genetically homogeneous, with an expandable developmental window and a self-renewing progenitor population that can be induced to undergo terminal differentiation (Mehler et al., 1993) .
Neuroblasts were initially plated at 33°C at a density of ϳ250,000 cells/35 mm Petri dish in DM EM serum-free medium containing 5 g /ml insulin, 100 g /ml transferrin, 20 nM progesterone, 100 M putrescine, 30 nM selenium, and 0.1% ovalbumin and were then switched to the temperature not permissive for T antigen expression (39°C). Thereafter, the effects of two other treatment paradigms were studied (Mehler et al., 1993) . In the first, IL -7 alone was added to the cultures. In the other, cells were pretreated with bFGF, and then TGF␣ and IL -7 were added in combination; this treatment paradigm is designated bFGF(IL -7 and TGF␣) throughout the text. bFGF has mitogenic and trophic roles in the embryonic and postnatal development of the C NS; bFGF stimulates proliferation of neuronal precursor cells and glial cells and also supports the survival and differentiation of developing neuronal cells (Heuer et al., 1990; Walicke and Baird, 1991; K inoshita et al., 1993) . TGF␣ is known to guide cell growth and differentiation (Massague, 1990) and has been shown to stimulate the proliferation of striatal multipotent progenitor cells in vitro (Lazar and Blum, 1992) . Growth factor concentrations were bFGF and TGF␣, 5 ng /ml; and IL -7, 10 U/ml (Mehler et al., 1993; Rozental et al., 1995) . Control untreated neuroblasts and cytokinetreated neuroblasts were cultured for the same length of time and evaluated after 1-7 d in vitro (DIV) after treatment.
Electrophysiolog y. An inverted Nikon Diaphot TM F microscope was used to view cells continuously perf used with a solution containing (in mM): CsCl 7, CaCl 2 0.1, NaC l 160, H EPES 10, and MgSO 4 0.6, pH 7.2. Junctional currents were evaluated using the dual whole-cell voltageclamp method (Neyton and Trautmann, 1985; White et al., 1985) . Patchtype electrodes (resistance, 5-7 M⍀) were filled with a solution containing (in mM): C sC l 135, C aC l 0.5, Na 2 ATP 2, MgATP 3, H EPES 10, and EGTA 10, pH 7.2.
To measure macroscopic junctional conductance, each cell of a pair was clamped to a holding potential of 0 mV. Then, voltage commands of either polarity were applied alternately to each of the cells to generate a transjunctional driving force (V j ). Junctional conductance ( g j ) was calculated by dividing junctional current recorded in the nonpulsed cell by the amplitude of the V j pulse.
To reduce g j to low levels, enabling recordings of single-channel currents, halothane (2 mM) was added to the perf usate. Halothane has been shown to uncouple cells without changing unitary conductance Figure 1 . Junctional conductance measurements revealed that coupling strength is higher in the untreated neuroblasts than in cells that differentiated in response to either treatments. Untreated and cytokine-treated neuroblasts were cultured for the same length of time (1-7 DIV). A, Recording of macroscopic junctional conductance in a pair of untreated neuroblasts. Command voltage pulses were applied alternately to cells 1 and 2. Currents recorded in the same cell in which the voltage step is applied represent the sum of conductances of junctional ( g j ) and nonjunctional ( g nj ) membranes; junctional currents are recorded in the other cell. Calibration bars: horizontal, 1 sec; vertical, 10 mV (V 1 , V 2 ), 50 pA (I 1 , I 2 ). B, Histogram of junctional conductance ( g j ) values obtained in 115 pairs of untreated neuroblasts. The mean value of g j was 11.28 Ϯ 0.7 nS (median, 10 nS). C, Histogram of g j values obtained from neuroblasts treated with IL -7 alone (n ϭ 60). Mean g j was 6.51 Ϯ 0.77 nS (median, 5 nS). D, Histogram of g j obtained in 100 pairs of neuroblasts treated with bFGF(IL -7 and TGF␣). Mean g j was 5.07 Ϯ 0.51 nS (median, 4 nS). (Burt and Spray, 1989) . Single-channel currents were identified as equalsized events of opposite polarity recorded simultaneously in the current trace of each cell. Recordings were made using Axopatch 1-C patchclamp amplifiers (Axon Instruments, Burlingame, CA), and hard copies of currents were obtained on a Gould chart recorder. The current amplitudes were then measured using a SummaSketch III digitizing tablet (Summagraphics Co., Seymour, C T) and computed using Sigma Scan software (Jandel Scientific, San Rafael, CA). Single-channel conductances (␥ j ) were calculated by dividing unitary junctional currents (i j ) by driving force (V j ) and displayed as event histograms, normalized among different experiments. Mean values and their variances were calculated from Gaussian best fits to these histograms (Sigmaplot, Jandel Scientific).
To measure voltage sensitivity of macroscopic junctional conductance, long (Յ1 min) voltage pulses of up to Ϯ100 mV were applied to one cell of a pair. Normalized steady-state junctional conductance (G j ) was calculated by normalizing the steady-state junctional conductance ( g ss ) to the maximal junctional conductance ( g max ) for each experiment; G j values were plotted at each voltage Ϯ SEM. The G j versus V j relation for each polarity of voltage was fitted assuming a two-state Boltzmann distribution of the form:
where V 0 is the transjunctional voltage at which the voltage-sensitive conductance is half-maximal, and A is a parameter reflecting voltage sensitivity (from which equivalent gating charge, n, is calculated). G max , G min , and G ss are normalized maximal conductance, minimal conductance approached at large V j , and experimentally derived steady-state junctional conductance, respectively.
To clarif y the constituents of the population of junctional channels that were present in each treatment group, normalized event histograms were plotted for elemental junctional conductances. The frequencies of the ␥ j values were normalized by dividing the number of events of each conductance range (5 or 10 pS bins) by the total number of events recorded for each cell pair. ␥ j values for all cell pairs were averaged for each treatment group, and means and SEs were calculated for conductances corresponding to each bin.
Northern blot and RT-PCR anal yses. RNA was isolated from cultured cells using the Tri Reagent method (Molecular Research C enter, Inc., C incinnati, OH), which includes phenol and guanidine thiocyanate in a monophase solution. The protocol includes the following five steps: homogenization, phase separation, RNA precipitation, RNA wash, and RNA solubilization. The cells were homogenized or lysed in Tri Reagent. After the addition of chloroform and centrif ugation, RNA was precipitated from the aqueous phase by the addition of isopropanol, washed with ethanol, and solubilized. RNA was quantitated by absorbance measurements at 260 and 280 nm (Hitachi U-1100) with 1 OD unit considered equal to 40 g /ml. Integrity of RNA was analyzed by ethidium bromide staining followed by electrophoresis on a 1.2% formaldehyde -agarose gel. C ell RNA samples were treated with DNase I (Boehringer Mannheim, Indianapolis, I N) to eliminate contamination with residual genomic DNA.
For Northern blot assays, total RNA was isolated from cells treated under different conditions; rat heart total RNA was used as a positive control for C x43 (10 g of total RNA / lane). The levels of loading of the RNAs were analyzed by ethidium bromide staining. Gels were capillaryblotted in 20ϫ SSC (3 M NaC l and 0.3 M sodium citrate) onto GeneScreen membranes (DuPont, Wilmington, DE). RNA was UV-linked to the membrane by exposure to light at 254 nm (UV Stratalinker 2400; Stratagene, La Jolla, CA). The RNA blot was prehybridized in rapid hybridization buffer (Amersham, Arlington Heights, IL) for 1 hr at 65°C and then hybridized in the same buffer for 2.5 hr at 65°C after the addition of the denatured, random-primed probe. The rat cDNA probe used was f ull-length (1.3 kb) C x43 (generously supplied by Dr. D. Paul, Harvard University Medical C enter, Boston, M A). After hybridization, washes were performed once for 20 min at room temperature with 2ϫ SSC and 0.1% SDS and twice for 15 min at 65°C with 0.1ϫ SSC and 0.1% SDS. The membranes were then exposed to RX film (Fuji Photo Film Co., L td.) at Ϫ80°C for various periods.
For RT-PCR assays, first-strand cDNA synthesis was performed using the Superscript preamplification system (Life Technologies, Grand Island, N Y). One to 2 g of total RNA was added to a final volume of 13 l of DEPC -treated water and combined with 1 l of random hexamers (50 ng /l). The mixture was heated at 70°C for 10 min and then incubated on ice. The remaining ingredients for reverse transcription were then added as follows: 2 l of 10ϫ synthesis buffer (200 mM Tris-HC l, pH 8.4), 0.5 M KC l, 25 mM MgC l 2 , 1 g/l BSA, 2 l 0.1 M DTT, 1 l 10 mM dN TP mix (10 mM each), and 1 l Superscript reverse transcriptase (200 U/l). The reaction mix was left at room temperature for 10 min and incubated at 42°C for 50 min, and the reaction was terminated by incubating at 70°C for 15 min.
An oligonucleotide corresponding to a region of the first extracellular domain that is homologous among connexin sequences and a degenerate oligonucleotide complementary to the second extracellular domain (Haefliger et al., 1992) were synthesized on an Applied Biosystems (Foster C ity, CA) model 391 sequencer. Routinely, 24 bp sense and antisense "universal primers" were used: 5Ј-GGC TGT AAA AAT GTC TGC TAT GAC -3Ј and 5Ј-TGG GAC TGG AAA TGA AGC AGT-3Ј; these universal primers were designed to amplif y the cytoplasmic loop regions of connexins (Haefliger et al., 1992) , yielding amplicons of distinct sizes from group I or ␤ (350 -390 bp) and group II or ␣ (420 -520 bp) connexins (Bennett et al., 1991; Kumar and Gilula, 1996) . PCR reactions contained 1-2 g of first-strand cDNA, 50 M sense and antisense primers, 8 l of 10ϫ PCR buffer (in mM: 100 Tris-HC l, 15 MgC l 2 , and 500 KC l, pH 8.3) and 2.5 U of Taq polymerase (Boehringer Mannheim) in a final volume of 100 l. The samples underwent 30 cycles of PCR with a P TC -100 thermocycler (M. J. Research Inc., Watertown, M A) using the following parameters: (1) denaturation at 94°C for 30 sec, (2) annealing at 55°C for 30 sec, and (3) extension at 72°C for 30 sec. This was followed by a final extension cycle at 72°C for 10 min and a soak cycle Figure 2 . Voltage sensitivity of macroscopic g j in untreated and treated neuroblasts by 2 DIV. I llustrated are typical current traces of recordings from representative cell pairs in which command pulses of Ϫ20, Ϫ40, Ϫ60, and Ϫ80 mV were applied to cell 1, and junctional conductance was calculated from the junctional current I j measured in the other cell. For all cell pairs, I j was largest at the beginning of the voltage step and at higher voltages declined more rapidly during the command pulse to reach steady-state values of g j . A, Responses of untreated neuroblasts. B, Responses of neuroblasts treated with IL -7 alone. C, Responses of neuroblasts treated with bFGF(IL -7 and TGF␣). Difference in voltage sensitivity is most prominent when comparing responses at 60 mV. C alibration bars: vertical, 0.3, 0.75, and 0.15 nA in A, B, and C, respectively; horizontal, 3 sec.
at 4°C. Reaction products were analyzed by electrophoresis on 2% agarose gels. Bands were isolated from gels and purified (Qiagen, Chatsworth, CA). The DNA was reamplified, and restriction digestion analysis with specific endonucleases (New England Biolabs, Beverly, M A) was performed on PCR products to distinguish specific connexin expression; unique restriction sites were deduced from the computer program PCGene (IntelliGenetics, C ampbell, CA). These restriction enzymes included HincII, which cuts C x43 sequence into two bands of 185 and 255 bp, and MseI, which results in bands of 170 and 265 bp from C x33.
In addition, C x37-and C x40-specific primers were used to verif y the expression of these specific connexins at intermediate stages of neuroblast differentiation, as was suggested by our f unctional assays. Both sense and antisense C x37-specific primers (5Ј-GGC TGG ACC ATG GAG CCG GT-3Ј and 5Ј-TTT CGG CCA CCC TGG GGA GC -3Ј, respectively), designed to amplif y a sequence of 421 bp, and the C x40-specific primers (5Ј-TTT GGC AAG TCA CGG CAG GG-3Ј and 5Ј-TTG TCA C TG TGG TAG CCC TGA GG-3Ј, respectively), designed to amplif y a sequence of 311 bp, were used in our molecular assays. Murine brain and heart tissues were used as positive controls for C x37 and C x40, respectively.
Immunoc ytochemistr y. Cultures grown on 12 mm glass coverslips (Assistent 1001; C arolina Biological Co., Burlington, NC) were rinsed once with Dulbecco's PBS and then permeabilized with acetone at Ϫ20°C. After several washes with PBS, the cultures were blocked with 0.1% bovine serum albumin in PBS. The primary antibody, affinity-purified IgG anti-connexin 43 serum [prepared against residues 346 -360 of rat connexin 43 (Yamamoto et al., 1993) ; generously provided by Dr. E. L. Hertzberg, Albert Einstein College of Medicine, Bronx, N Y], was diluted 1:100 in PBS. Incubation with the primary antibody was performed overnight at 4°C. Preimmune rabbit serum or PBS alone was substituted for the primary antibody as controls. After five washes with PBS, the cultures were incubated with goat anti-rabbit IgG conjugated to fluorescein isothiocyanate (Sigma, St. L ouis, MO) in the dark for 1.5 hr at room temperature. The cultures were washed several times with PBS and then briefly with distilled water and mounted on slides with 0.1% paraphenylenediamine (to resist photobleaching) in a 10:1 mixture of 33% glycerol and PBS. Cryostat sections of rat aorta were used as positive controls. Cultures were examined with epifluorescence illumination (Nikon Labophot) and photographed with Kodak (Rochester, N Y) TM AX film.
Statistical anal ysis. Fisher's exact test for unpaired values was used to evaluate the significance of the differences between groups. Data are expressed as mean Ϯ SEM.
RESULTS

Macroscopic junctional conductance
Neuroblasts under all treatment conditions were found to be coupled using the dual voltage-clamp method (Fig. 1 A) . However, differences were apparent among the macroscopic junctional conductances ( g j ) recorded between neuroblasts in the three groups ( Fig. 1 B-D) . For untreated neuroblasts, g j values averaged 11.28 Ϯ 0.7 nS (n ϭ 115), with a median value of 10 nS ( Fig. 1 B) . Neuroblasts treated with IL-7 alone had a mean g j of 6.51 Ϯ 0.77 nS (n ϭ 60) and a median value of 5 nS (Fig. 1C ). Neuroblasts treated with bFGF and then IL-7 and TGF␣ had a mean g j value of 5.07 Ϯ 0.51 nS (n ϭ 100) and a median conductance value of 4 nS (Fig. 1 D) . Untreated cells were therefore more strongly coupled than cells of either treatment group (p Ͻ 0.0001). Although strength of coupling was slightly higher in cells treated with IL-7 alone than with the combination of cytokines, this difference was not significant ( p ϭ 0.1). However, the incidence of totally uncoupled neuroblasts in groups treated with the combination of cytokines was higher than in neuroblasts treated with IL-7 alone (26 vs 18%; Fig. 1C,D) .
Voltage sensitivity of macroscopic junctional conductance
When long transjunctional voltage (V j ) command pulses were applied to cell pairs from each group of neuroblasts, junctional currents relaxed toward lower conductance values during the pulses (Fig. 2) . Current decays at low driving forces were most conspicuous for cell pairs treated with IL-7 alone, for which V j values as low as Ϯ20 mV led to detectable conductance decreases (Fig. 2 B) . By contrast, junctional currents in untreated neuroblasts (Fig. 2 A) and those treated with the cytokine combination were virtually insensitive to V j pulses below Ϯ50 mV (Fig. 2C ). To quantif y these differences, the ratio of steady-state conductance ( g ss ) to initial conductance ( g 0 ) was plotted as a f unction of V j . For each treatment, these normalized G j /V j plots were then fit by Boltzmann relations (Fig. 3) . For both untreated neuroblasts (13 cell pairs) and cells treated with bFGF(IL -7 and TGF␣) (11 cell pairs) G min (the minimal conductance at highest V j ) ϭ 0.4, G max (the maximal conductance at low V j ) ϭ 1, and V 0 ϭ 50 mV (Fig.  3A,C) . For cells treated with IL -7 alone (13 cell pairs), G min ϭ 0.2, G max ϭ 1, and V 0 ϭ 30 mV (Fig. 3B) .
Properties of individual gap junction channels
After treating cells with halothane to reduce g j to low levels, single-channel currents could be visualized with driving forces as low as 20 -30 mV (Fig. 4 A-C) . For each treatment group, ␥ j values were of multiple sizes (Fig. 4 A-C) . The normalized event histograms of unitary conductances were plotted in 10 or 5 pS bins and fit with Gaussian distributions (see Materials and Methods). Distributions of events in the histograms with 10 pS bins (Fig. 5A-C) revealed single-channel populations in both untreated and bFGF(IL-7 and TGF␣)-treated cells (peaks at 55 and 64 pS, respectively), whereas the cells treated with IL-7 alone had two peaks, corresponding to 40 and 165 pS. Differences in the ␥ j values between untreated and bFGF(IL-7 and TGF␣)-treated cells and the lower peak in IL-7-treated cells were not significant. Evaluating fits obtained to Gaussian distributions of data plotted in 5 pS bins, we observed two peaks in single-channel measurements in untreated neuroblasts, corresponding to 43 and 64 pS. Analyzed in this way, neuroblasts treated with bFGF(IL-7 and TGF␣) showed two peaks of unitary conductance at 35 and 61 pS, similar to the control cells. By contrast, neuroblasts that were treated with IL-7 exhibited three peaks, at 35, 80, and 170 pS. Thus, channel populations in control and maximally differentiated neuroblasts were similar, whereas IL-7 treatment evoked functional expression of an additional population of large-conductance channels.
Identities of connexins expressed in untreated and treated neuroblasts
Neuroblasts were initially screened for expression of connexin mRNA by Northern blotting (Fig. 6 ). Cx43 mRNA was found to be highly expressed in untreated MK31 neuroblasts and was decreased during cellular differentiation in vitro. The level of Cx43 mRNA was evaluated both for short-term (1 d, 1 DIV; Fig.  6 , top) and long-term (7 d, 7 DIV; Fig. 6 , bottom) applications of cytokines. By 1 d after treatment (Fig. 6, top) , changes in Cx43 RNA levels were not substantially different among untreated neuroblasts, neuroblasts treated with IL-7 alone, or those treated with bFGF(IL-7 ϩ TGF␣). By contrast, after 7 d of cytokine treatment (Fig. 6, bottom) , Cx43 mRNA could not be detected by Northern blot assays in either group of cytokine-treated MK31 cells; however, Cx43 mRNA in these preparations remained detectable using RT-PCR techniques (see below).
To evaluate the possible expression of other connexins in these cells after various cytokine treatments, we sought to optimize the conditions for detecting gap junctions by performing RT-PCR using universal primers that recognize all known connexins (Haefliger et al., 1992) . In concert with the positive immunostaining obtained using Cx43 antibodies, a band corresponding to group II connexins was observed in both untreated and treated neuroblasts (Fig. 7A, lanes 1,3,5) ; RT-PCR products corresponding in size to group I connexins were not detected in any of these experimental groups. Restriction endonuclease digestion of the group II band from untreated cells using HincII resulted in the total conversion into 185 and 255 bp fragments, as expected for Cx43 sequence (Fig. 7B, lane 1) . Sequence analysis of the undigested RT-PCR product revealed 99.1% identity with mouse Cx43 (PCGene; IntelliGenetics). By contrast, although treatment of group II bands from the IL-7 (Fig. 7B, lane 3) and bFGF(IL-7 and TGF␣) (Fig. 7B , lane 5) treatment groups with HincII also led to the predicted Cx43 digestion fragments, undigested RT-PCR product remained. The group II RT-PCR products were also exposed to the Cx33-specific restriction enzyme MseI, resulting in fragments of the lengths expected for Cx33 (170 and 265 bp) in both treatment groups (Fig. 7C, lanes 3,5) , but not in untreated cells (Fig. 7C, lane 1) . Sequence analysis of this residual RT-PCR product revealed the presence of a product that was found to be 98.2% identical to rat Cx33 (the sequence for murine Cx33 is not yet available).
Similar experiments using the restriction enzyme BglII, specific for mouse Cx37, and FspI, specific for mouse Cx40, revealed no detectable digestion fragments of the RT-PCR reaction product. However, because we have observed that the use of universal primers to discriminate specifically between C x37 or Cx40 is compromised when these connexins are co-expressed with Cx43 (Urban et al., 1996) , we also used sequence specific-primers for these connexin types (Fig. 7D,E) . In cells at intermediate stages of neuronal differentiation (after IL-7 treatment), a product corresponding in size to Cx40 was detected using Cx40-specific RT-PCR primers (Fig. 7E, lane 2) ; these cells did not express products corresponding in size to Cx37 (Fig. 7D, lane 2) . Positive controls for Cx33 (mouse testis; Fig. 7A ,C, lane 7 ), Cx43 (rat heart; Fig. 7A ,B, lane 9), Cx37 (rat brain; Fig. 7D, lane 1) , and Cx40 (rat heart; Fig. 7E, lane 1) are illustrated. Untreated and treated neuroblasts (1 and 5 DIV) were immunostained with antibodies specific for Cx43 to reinforce our findings that Cx43 is one of the gap junction proteins expressed in these cells. Untreated cells showed high levels of Cx43 immunofluorescence, especially at sites of cellular membrane apposition (Fig. 8, A,B , 1 DIV, G,H, 5 DIV). Treated cells also displayed considerable Cx43 immunoreactivity by 1 DIV (Fig. 8C,D) , although staining in the more differentiated cells was generally less intense than in phenotypically more immature cells nearby (Fig. 8 E,F ). In contrast, a pronounced reduction of Cx43 immunoreactivity levels in cytokine-treated neuroblasts occurred at 5 DIV (Fig. 8 I-L) . In contrast to Cx43 immunostaining, we have been unable to detect the expression of Cx40 or Cx37 unambiguously in cytokinetreated neuroblasts; antibodies specific for Cx33 are not yet available.
DISCUSSION
Previous studies have shown that electrotonic coupling among neurons decreases at early stages of nervous system development (Goodman and Spitzer, 1979; Connors et al., 1983; Walsh et al., 1989; Kandler and Katz, 1995) , leading to the suggestion that there is a reciprocal relationship between strength of coupling via gap junctions and acquisition of the neuronal phenotype (Mehler et al., 1993; Mienville et al., 1994; Rozental et al., 1995; BaniYaghoub et al., 1997) . Using a hippocampal progenitor cell line (MK31) and specific cytokine treatment regimens, we have shown previously that neuroblasts express gap junctions during early ontogeny, but that coupling strength decreases as neuroblasts progressively assumed the mature neuronal phenotype (Rozental et al., 1995) . However, the connexin type(s) that are Figure 5 . Normalized event histograms demonstrate the presence of a population of higher conductance channels in cell pairs treated with IL-7 alone than in untreated neuroblasts or after combined growth factor treatment. The frequency of conductance values obtained in each experiment was normalized by dividing the number of events of each conductance range (5 or 10 pS bins) by the total number of events recorded for each cell pair. A, The normalized event histogram for untreated neuroblasts contains measurements of 1600 events obtained from 11 cell pairs. The Gaussian best fit to these data (solid curve) indicates a single event population with a peak at 55 pS. B, The normalized event histogram from neuroblasts treated with IL-7 contains 2052 event measurements obtained from nine cell pairs; two Gaussian curves are required to fit the data, with peaks at 40 and 165 pS. C, Normalized event histograms from neuroblasts treated with bFGF(IL -7 and TGF␣), consisting of 3300 events from 13 cell pairs; as in the untreated cells, a single Gaussian curve best describes the data with a peak at 64 pS. Figure 6 . Levels of C x43 mRNA decrease in treated neuroblasts. Northern blots of total RNA obtained from neuroblasts kept in culture for 1 d (1 DIV; exposure time, 2 d; top) and 7 d (7 DIV; exposure time, overnight; bottom) at 39°C. Under both conditions, all lanes were loaded with 10 g of total cellular RNA. Probes reacted with a single transcript at 3 kb for Cx43. Note the decrease in C x43 RNA expression in cytokinetreated neuroblasts by 7 DIV. Heart, Mouse heart (control). expressed in the neuroblasts, the possible changes that occur in connexin expression patterns during early development, and the functional implications of these changes for progressive stages of cellular differentiation remained to be determined.
The use of cell lines as research tools is well established. However, the concern always remains that responses of immortalized cells may diverge from their in vivo counterparts. In the case of the present study, C x43 expression in neurons has been detected in adult rat brains by in situ hybridization methods and was found to occur in various neuronal populations, including Purkinje cells on the cerebellum, pyramidal cells on the neocortex, and the hippocampal formation, as well as granule cells on the dentate gyrus and neurons of diverse hindbrain nuclei (Simburger et al., 1997) .
Junctional conductance between a pair of cells ( g j ) is determined by the number of channels formed of each connexin type (n 1 , n 2 , . . . n i ) multiplied by the connexin-specific unitary conductances (␥ j ) and their open probabilities ( g j ϭ n 1 P o1 ␥ j1 ϩ n 2 P o2 ␥ j2 ϩ . . . n i P oi ␥ ji ). Thus, the decline in coupling strength that has been observed to occur during neuronal ontogeny could result from: (1) downregulation of connexin gene expression (i.e., an overall decrease in [(n 1 ϩ n 2 ϩ . . . n i )]), (2) changes in gating of the neuroblast junctional channels (i.e., changes in P o or ␥ j ), or (3) expression of different connexin subtypes (relative changes in n 1 , n 2 , . . . n i ). Each of these possibilities is considered below.
Downregulation of connexin gene expression
In contrast to detailed studies that have defined the connexin types present in glia (e.g., Dermietzel et al., 1989 Dermietzel et al., , 1991 Ransom and Kettenmann, 1990; Yamamoto et al., 1990; Giaume et al., 1991; Dermietzel and Spray, 1996) , the connexins responsible for coupling in developing or adult neurons have not been reliably identified. However, there are indications that C x26, Cx32, and Cx43 may be expressed in certain neuronal populations and under specific biological conditions (Dermietzel et al., 1989; Miragall et al., 1992; Bani-Yaghoub et al., 1997; Bruzzone and Ressot, 1997; Nadarajah et al., 1997; Simburger et al., 1997) . It has been difficult to identif y the specific connexin type(s) expressed in neurons during brain ontogeny, because coupling strength is lost as differentiation proceeds. In addition, the complex cytoarchitecture and diversity of cell types present within regions of the mammalian brain make it difficult to use traditional experimental techniques such as freeze fracture, thin-section electron microscopy, and immunological or molecular biological approaches to discriminate the "rare" neuronal gap junctions. Thus, the use of a conditionally immortalized hippocampal progenitor cell line that is readily amenable to pharmacological manipulation provides a well controlled, genetically homogeneous experimental model that can be used to address these questions.
In this study, we have used immunocytochemical and molecular biological methods to demonstrate that connexin 43 is highly expressed in early neuroblasts, in agreement with recent communications showing strong immunoreactivity to connexin 43 in rodent neurons during circuit formation (Nadarajah et al., 1997) and during neuronal differentiation of a human pluripotential teratocarcinoma cell line (Bani-Yaghoub et al., 1997) . Furthermore, based on integrated RT-PCR analysis, C x43 appears to be the only connexin expressed in early neuroblasts, consistent with our f unctional studies showing a uniform population of junctional channels with physiological characteristics typical of Cx43 (see below). Moreover, we have shown that C x43 is downregulated during neuronal differentiation. However, even after cytokine applications that lead to maximal cellular differentiation, this connexin type remains. We therefore conclude that a decrease in the total number of junctional channels is one possible mechanism that may reduce junctional conductance during neuronal differentiation.
Changes in gating of neuroblast junctional channels
Each gap junction protein forms intercellular channels with distinct electrophysiological properties, including unitary conduc- Figure 7 . Determination of the connexin types expressed by differentiating neuroblasts by 7 DIV. A, Composite of gels from first-generation cDNA obtained by RT-PCR using universal primers, run on a 2% agarose gel, and visualized by ethidium bromide staining. Lanes 1, 3, and 5 show first-strand DNA from untreated cells, IL -7 alone, and IL-7 plus growth factors, respectively. Lanes 2 (untreated cells), 4 (IL -7), and 6 (IL-7 plus growth factors) are negative controls, run in PCR without reverse transcriptase to verif y that genomic DNA was not present. Lane 7 is the PCR product of C x33 from mouse testis, and lane 8 is its corresponding negative control. Lane 9 is the PCR product of C x43 from rat heart, and lane 10 is its corresponding negative control. B, Presence of Cx33 and C x43 confirmed by RT-PCR. Second-generation PCR product was obtained with universal primers. Lanes 1, 3, and 5 show the presence of restriction products of C x43 after HincII was used. The product gave two bands for untreated, IL -7 alone, and IL -7 plus growth factors. Lane 9 is the HincII digest of the PCR product from the rat heart, which also gave the characteristic double band for C x43. C, Lanes 1, 3, and 5 show the presence of the restriction product of C x33 after MseI was used. This enzyme gave two bands for IL -7 alone and IL -7 plus growth factors. Lane 7 is the PCR product of the C x33 from mouse testis that had been cut with MseI; two bands were formed. Sequencing the RT-PCR products revealed the presence of mouse C x43 (99.1% identical) and C x33 (98.2% identity with rat C x33 sequence). Similar procedures applied with specific primers for C x37 ( D, lanes 1, 2) and for C x40 ( E, lanes 1, 2) in cells treated with IL -7 alone resulted in detection of a product of a 311 bp, consistent with the expression of C x40. M, Molecular markers, PCR products of Cx37 (mouse brain; D, lane 1) and C x40 (mouse heart; E, lane 1), respectively. tances and sensitivities to various gating stimuli (Spray, 1996) . For C x43, the channels present in untreated neuroblasts, unitary conductance is dictated by the phosphorylation state of the channel protein and by transjunctional voltage (Moreno et al., 1994a,b) . Moreover, channel open time is reduced by intracellular acidification and exposure to various amphophilic molecules (Spray, 1994) , conditions that may occur as a consequence of ischemic insult. Nevertheless, changes in ␥ j or voltage sensitivity were not detected in our electrophysiological experiments comparing junctional currents from immature neuroblasts to those of cells treated with the combination of growth factors. We thus conclude that such changes do not represent a major mechanism operating to decrease coupling strength in these cells during developmental transitions.
Expression of different connexin subtypes during neuronal differentiation
We have found that immortalized hippocampal neuroblasts express C x43, that treatment with IL -7 alone leads to functional expression of C x40, and that treatment with either IL-7 alone or in combination with bFGF and TGF␣ leads to co-expression of Cx33 by these progenitor species. The voltage sensitivity and unitary conductances of junctional channels recorded between cells treated with IL-7 alone resemble those recorded from channels formed by Cx40 expressed either endogenously or exogenously (Haefliger et al., 1992; Bruzzone et al., 1993; Hellmann et al., 1996) and in exogenously expressed channels in oocytes or N2A cells (Willecke et al., 1991; Reed et al., 1993) . Interestingly, an additional complement of junctional channels corresponding to the expression profile of Cx33 was detected by RT-PCR but was not functionally detected after treatment with the combination of cytokines. These observations suggest that expression of Cx40 or another as yet unidentified connexin may be a transitory cellular event during neuronal differentiation, and that Cx33 may form nonfunctional channels, as suggested by exogenous expression studies in oocytes (Chang et al., 1996) .
The expression of Cx40 and Cx33 by differentiating neuroblasts raises the intriguing possibility that the expression of specific connexin types may allow the segregation of coupled compart- ments, with compartmental boundaries defined by the specific type of connexin expressed. For example, f unctional channels are not formed by pairing Xenopus oocytes expressing Cx40 with those expressing C x43 (Nicholson et al., 1993) . Moreover, it has been suggested that C x33 not only is nonf unctional in homotypic pairings but also may exert a dominant-negative effect, reducing coupling in cells in which it is co-expressed with other connexins (Chang et al., 1996) .
The transient co-expression of C x43 with C x40 during the process of neuronal maturation has additional biological implications. Because mRNAs encoding C x43 and C x40 are also expressed in astrocytes (Dermietzel, 1996) , homotypic channels of either connexin could mediate communication between neuronal precursor cells and astrocytes, providing a possible explanation for the observations that astrocytes may influence neuronal activity by direct signaling via gap junctions (Nedergaard, 1994) . Such a cellular mechanism might underlie such diverse physiological and pathological processes as Lea o spreading depression (Lea o, 1947; Martins-Ferreira and Ribeiro, 1995; Nedergaard et al., 1995) or specific forms of epilepsy in which levels of Cx43 mRNA in the temporal cortex are increased (Naus et al., 1991) .
In summary, our results show that hippocampal progenitor cells are highly coupled by gap junctions composed of connexin 43 during early ontogeny, before the f unctional expression of membrane electrical excitability and chemoresponsiveness to a variety of developmentally mediated neurotransmitters (Rozental et al., 1995) . Because neuroblasts progressively differentiate, Cx43 expression decreases, and C x33 is newly detected. In addition, Cx40 is also co-expressed at intermediate stages of neuroblast differentiation. Thus, although phenotypic changes that occur during neuronal differentiation parallel C x43 downregulation, it remains to be determined whether there is a direct causal effect between downregulation of gap junction channels and neuronal differentiation.
